ABSTRACT Avian β-defensins (AvBDs) attack various microorganisms and may have efficacy to protect tissues from infection by unforeseen pathogenic microbes. This article describes the mechanism by which AvBDs are expressed in the innate immune system in hen reproductive organs. Both ovary and oviduct express Toll-like receptors (TLRs), which recognize microbe-associated molecular patterns, and express and produce AvBDs mRNA and peptides, which are antimicrobial peptides. The interaction of TLRs with their ligands upregulates the expression of AvBDs and proinflammatory cytokines, and proinflammatory cytokines also induce expression of AvBDs. The synthesized AvBDs are predicted to kill the microbes. However, strategies to enhance innate immune functions have not yet been established. Breeding of birds that have a higher ability to synthesize antimicrobial peptides in response to pathogens may be one such strategy. Because the ovary and oviduct are unique organs regulated by the endocrine system, consideration of the role of gonadotropic and gonadal hormones may also be important for the enhancement of local defense function. Physiological information about the mechanism of pathogen recognition and AvBD synthesis is essential to enhance immunodefense functions in the reproductive organs.
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INTRODUCTION
The oocyte accumulates yolk and grows in the ovarian follicles, and the ovulated ovum enters the oviduct, where albumen, eggshell membrane, and eggshell are formed. The hen ovary and oviduct are susceptible to various bacterial and viral pathogenic agents. Infection may cause not only functional disorder of these organs but also internal contamination by microorganisms in eggs. Salmonellosis is one of the most common risk factors for foodborne diseases in humans (Guard-Petter, 2001 ). In many cases, Salmonella organisms enter the gastrointestinal tract in feed. The Salmonella bacteria may be enclosed by immune cells, more specifically macrophages, which are attracted to the site of invasion in the intestinal mucosa. These infected immune cells may migrate to the ovary and oviduct, and then Salmonella bacteria may colonize there (Takata et al., 2003; Gantois et al., 2009) . These bacteria can be also excreted in feces, while those in the cloaca may ascend the oviduct through the vagina. Salmonella Enteritidis (SE) is more often isolated from egg contents and seems to adhere better to reproductive tract mucosa, whereas Salmonella Typhimurium appears to provoke a more intense tissue pathology and immune response (Wales and Davies, 2011) . The contamination of eggs may also lead to vertical infection that causes spreading of the bacterial distribution and increased mortality of embryo and chicks.
The local immune system plays essential roles to prevent infection in the reproductive organs, as in other organs, but there are some unique differences between these organs in terms of the mechanism by which immune activity is regulated because the reproductive organs undergo growth and regression under endocrine control. The ovarian follicular wall and oviductal mucosa contain numerous immunocompetent cells, including macrophages; MHC class II + antigen-presenting cells (APCs); T-cell subsets of CD3  + , CD4  + helper,  CD8 + cytotoxic, and TCR-γδ + ; and Bu-1 + and immunoglobulin (Ig) + B cells Zheng et al., 1998; Nii et al., 2013) . Populations of these immunocompetent cells increase when the reproductive organs develop during sexual maturation, and estradiol is likely to play a key role in their increase (Zheng et al., 1998; Barua and Yoshimura, 1999) . We reported that intravenously injected carbon particles 804 Downloaded from https://academic.oup.com/ps/article-abstract/94/4/804/1553909 by guest on 01 January 2019 (Indian ink) were phagocytized by the cells around capillary beds in the theca interna of follicles, suggesting that theca interna cells show phagocytic activity (Yoshimura and Okamoto, 1998) . The IgY circulating in the serum and synthesized by B cells locally in the follicular tissues may not only play roles in defense against infection in the follicles but also be absorbed in the yolk as maternal antibodies (Murai, 2013) . In the oviductal mucosa, the population of T and B cells in the mucosal epithelium and subepithelial tissues was markedly reduced in regressed oviducts , which may be one of the reasons the oviduct becomes more susceptible to disease during molting. Adaptive immune responses to pathogens are essential for defense against infection and could be enhanced by vaccination for specific pathogens. Recent studies revealed that the innate immune system is also developed in various organs, including the reproductive system in chickens. Although the innate immune system may not have memory functions for previously encountered antigens, like the adaptive immune system does, it may attack various pathogens less specifically within a relatively short time after infection. Thus, it may have efficacy to protect the tissues from infection by unforeseen pathogenic microbes. Toll-like receptors (TLRs) recognize microbe-associated molecular patterns (MAMPs). Avian β-defensins (AvBDs) contribute to the production of antimicrobial peptides. This article describes the mechanism by which AvBDs are expressed in the innate immune system in hen reproductive organs. Related to this brief review, we have also published a review paper elsewhere on the innate immune system in chicken reproductive organs .
Toll-Like Receptors in Hen Reproductive Organs
The innate immune response is initiated by the interaction of MAMPs with their pattern recognition receptors (PRRs). The TLRs are the primary receptors that recognize MAMPs in the innate immune system in a variety of animals (Roach et al., 2005) . After the discovery of TLRs, some classes of cytosolic PRR, including retinoic acid-inducible gene (RIG)-like receptors (RLRs) and nucleotide-binding oligomerization (NOD)-like receptors (NLRs), were identified in mammals. The RLRs have not been identified in chickens, although they are expressed in ducks; and information on the NLRs is limited in chickens (Lian et al., 2012) . In chickens, the presence of TLR1 (types 1 and 2), −2 (types 1 and 2), −3, −4, −5, −7, −15, and −21 has been established (Temperley et al., 2008; Brownlie and Allan, 2011) , and they are known to be expressed on immune cells and in many other tissues in birds (Iqbal et al., 2005; Kogut et al., 2006) . TLR2 forms a heterodimer with TLR1 and recognizes peptidoglycan, lipoteichoic acid, and lipoprotein of the Gram-positive bacterial cell wall (Keestra et al., 2007) . TLR3 is stimulated by the double-stranded RNA of infectious viruses (Alexopoulou et al., 2001) . TLR4 recognizes lipopolysaccharide (LPS) of Gramnegative bacteria such as Salmonella and Escherichia coli (St Paul et al., 2013) . TLR5 and −7 interact with bacterial flagellin and single-stranded RNA of viruses, respectively (St Paul et al., 2013) . TLR15 is a unique TLR expressed in chicken that recognizes the nonsecreted, heat-stabile component of both Gramnegative and Gram-positive bacteria, in addition to secreted virulence-associated fungal and bacterial proteases (Nerren et al., 2010; de Zoete et al., 2011) . TLR21 recognizes CpG oligodeoxynucleotide containing unmethylated CpG motifs of microorganisms as a functional homologue to mammalian TLR9 (Brownlie and Allan, 2011) . The interaction of TLRs, except TLR3, with their corresponding ligands is believed to induce a cellular response via the adaptor molecule MyD88, whereas TLR3 may use the adaptor molecule Toll/interleukin-1 receptor (TIR) domain-containing adaptor-inducing interferon-β (TRIF) in mammals (Takeda and Akira, 2004) . Downstream of TLR adaptor molecules, transcription factors such as NFκB and AP-1 are activated to induce cytokines, chemokines, and also possibly antimicrobial factors.
In the hen ovary, TLR1-2, −2-1, −3, −4, −5, −7, −15, and −21 are expressed (Woods et al., 2009; Michailidis et al., 2010) . In our study, the expression of TLR2, −4, −5, and −7 in the theca layer, and TLR4 and −5 in the granulosa layer was identified (Subedi et al., 2007) . In the oviduct of laying hens, all types of TLR, apart from TLR1-1, were expressed (Ozoe et al., 2009; Michailidis et al., 2011) . The expression of the adaptor molecules MyD88 and TRIF as well as the transcription factors NFκB and AP-1 (cFos and c-Jun) has also been identified . These results suggest that bacterial and viral components are recognized by different TLRs in the ovary and oviduct, and then the transcription factors are activated via MyD88-dependent or -independent pathways to induce immunoresponse factors such as cytokines and antimicrobial molecules. The expression of TLRs themselves may be affected by their ligands because LPS was shown to enhance the expression of TLR4, and Salmonella Enteritidis (SE) infection resulted in a significant increase in the expression of TLR5 and −15 in the vagina (Ozoe et al., 2009; Michailidis et al., 2011) .
Avian β-Defensins and Cytokines in Hen Reproductive Organs
Antimicrobial peptides play significant roles in the innate immune system for host defense. Defensins are cysteine-rich cationic antimicrobial peptides found in vertebrates. These peptides kill a wide spectrum of microorganisms, including Gram-positive and Gramnegative bacteria, protozoa, as well as some fungi and enveloped viruses (Xiao et al., 2004; van Dijk et al., 2008) . Mammalian defensins are divided into α, β, and θ subgroups based on the spacing pattern of cysteines, whereas the defensins in birds belong to the β-defensins and are named avian β-defensins (AvBDs). Fourteen AvBD genes have been identified in chickens (AvBD1 to AvBD14), and their expression has been shown in various tissues, such as in the reproductive organs, bone marrow and heterophils, respiratory tract, skin, and digestive tract (van Dijk et al., 2008) . Recently, another group of defensins termed ovodefensins (Gallin), which have potent antimicrobial activity against E. coli, has been shown to be synthesized in the magnum and shell gland of the oviduct and contained in the egg albumen (Gong et al., 2010) .
Cathelicidins are another group of antimicrobial peptides identified in many animals. Four cathelicidins, namely, cathelicidin 1 to 3 and cathelicidin B1 genes, have been identified in chickens. They have antimicrobial, LPS-binding, and immunomodulation activities (van Dijk et al., 2011) . Subedi et al. (2007) identified the expression of 6 AvBDs in the theca and 4 AvBDs in the granulosa layer of growing ovarian follicles. Immunoreactiv (ir) for AvBD8, −10 and −12 was localized in the granulosa cells and theca interna cells (Subedi et al., 2008; Abdelsalam et al., 2010) . More recently, Michailidis et al. (2012) reported that 11 AvBD genes were expressed in hen ovaries, and their expression increased with sexual maturation and the age of birds. Inoculation of birds with SE or LPS increased the expression of several AvBDs in the theca tissue or ovarian tissues (Subedi et al., 2007; Michailidis et al., 2012) , suggesting that pathogenic agents affect AvBD expression. Furthermore, the density of ir-AvBD12 showed a tendency to decrease with LPS injection in the granulosa cells (Subedi et al., 2008) . Further studies are necessary to confirm whether LPS stimulates the secretion of AvBDs from these cells. In contrast, in cultured theca tissue, LPS upregulated the expression of IL1β and IL6 gene and peptide but did not affect the expression of AvBD10 and −12, whereas IL1β stimulated the expression of the AvBD12 gene and protein (Abdelsalam et al., 2012) . Thus, it is possible that IL1β, which is synthesized in response to pathogenic agents, mediates the induction of AvBD expression during infection. Because TLRs are expressed in the follicular wall (Subedi et al., 2007; Woods et al., 2009; Michailidis et al., 2010) , the MAMPs may be recognized by these TLRs, leading to the expression of proinflammatory cytokines, including IL1β. It is suggested that the innate immune system to recognize microorganism components by TLRs and to synthesize proinflammatory cytokines and AvBDs are developed in the ovarian follicles. This innate immune system may play roles in the local immunodefense against infection by pathogenic microbes in the follicles.
In the oviductal segments from the infundibulum to the vagina, the expression of 11 AvBDs was identified (Abdel Mageed et al., 2008) . Among them, ir-AvBD3, −11 and −12 were localized in the mucosal epithelium, suggesting that the mucosal epithelial cells synthesize AvBDs (Abdel Mageed et al., 2009 ). The expression of some AvBDs may be enhanced with oviductal growth during sexual maturation by the effects of estrogen (Lim et al., 2013) and may further increase with the aging of laying hens (Yoshimura et al., 2006) . The increase of their expression may be important for the local host defense system, even in aged birds.
The expression of AvBDs, IL1β, and IL6 was shown to be upregulated by Salmonella infection and stimulation by LPS in oviductal mucosal cells (Yoshimura et al., 2006; Abdel Mageed et al., 2008 . In the process of the upregulation of IL1β expression by LPS, NFκB and AP-1 probably play roles as nuclear transcription factors (Figure 1 ) because their inhibitors (BAY-117085 for NFκB, Transhinone IIA for AP-1) suppressed the increase of IL1β expression by LPS (unpublished data). Stimulation by poly(I:C) (viral dsRNA), flagellin (flagellum of bacteria), and CpG-ODN (microbial DNA), which are the ligands of TLR3, −5, and −21, respectively, upregulated the expression of IL1β and IL6, but not AvBD10 or −12, in cultured uterus or vaginal mucosal cells . Sonoda et al. (2013) have also shown that IL1β induced AvBD1 and 3 in the cultured vaginal cells. Thus, the interaction of LPS from Salmonella organisms with TLR4 may induce both AvBDs and IL1β/IL6, whereas the interaction of some other TLRs with their corresponding ligands may induce IL1β and IL6. Then the synthesized IL1β may subsequently stimulate the expression of AvBDs (Fig. 1) . Because all types of TLR apart from TLR1-1 are expressed in the oviduct of laying hens, it is possible that they recognize various MAMPs. The innate immune system, composed of TLRs, proinflammatory cytokines, and AvBDs, plays roles in the mucosal defense against pathogenic microbes in hen oviducts. The synthesized proinflammatory cytokine, IL1β, may participate to induce AvBDs.
The TLR-mediated immunoresponses are essential for defense against infections; however, reproductive disorders may be induced in association with the immunoresponse. In hen ovarian follicles, apoptosis of granulosa cells is suppressed for the normal growth of follicles, whereas follicles undergo atresia if apoptosis is induced in those cells (Johnson et al., 2007) . It is reported that LPS-induced apoptosis in the granulosa cells, and TLRs signaling in those cells stimulated by microorganisms as well as endogenously produced ligands, may have potential to mediate follicular functions, not only apoptosis regulation but also steroidogenesis and cytokine production (Woods et al., 2009) . The member of the tumor necrosis superfamily is proposed to participate directly or indirectly in the process of follicular atresia (Johnson et al., 2007) , although it is not yet known whether the synthesis of that cytokine is regulated by TLR signaling.
Although the proinflammatory cytokine, IL1β, induced by TLRs stimuli may participate in the expression of AvBDs in oviductal cells, IL1β may cause the disorder of oviductal functions during infection. Injection of attenuated avian infectious bronchitis virus (IBV) into the oviduct caused decreases in the gene expression of collagen type I for eggshell membrane formation in the isthmus and of calcium binding protein-D28K for eggshell formation in the uterus. These changes in the expression of egg components occurred in association with increases in the expression of proinflammatory cytokines (IL1β, IL6, and IFN-γ) and cytotoxic immunoreaction substances (B-NK, perforin, granzyme, and IL2), and in the frequencies of CD8+ and TCR-γδ+ cytotoxic T cells. We assume that IBV infection induces proinflammatory cytokines together with substances from cytotoxic cells that cause disorder of eggshell formation .
Are Avian β-Defensins Incorporated in Eggs?
The perivitelline layer was shown to contain irAvBD12 in the growing follicles (Subedi et al., 2008) . The egg vitelline membrane was also shown to contain AvBD11, showing antimicrobial activity (Hervé-Grépine et al., 2010) . Thus, some AvBDs synthesized in the follicular cells may be secreted into the perivitelline layer. Although it has not been confirmed, it is possible that AvBDs synthesized in the granulosa cells are also absorbed in the yolk. Abdel Mageed et al. (2009) have reported that ir-AvBD3, −11, and −12 are present in the uterus, and the density of ir-AvBD3 and −12 decreased significantly after the egg entered the uterus. The ir-AvBD3 was detected on the surface of fibers forming the outer layer of the eggshell membrane, whereas ir-AvBD3, −11, and −12 were identified in the eggshell matrix. The glandular cells of the magnum and shell gland were shown to synthesize the ovodefensin Gallin, which was also identified in the albumen of eggs (Gong et al., 2010) . These defensins may play roles in the antimicrobial activities in the interior of eggs, the eggshell membrane, and the eggshell (Poland and Sheldon, 2001, Mine et al., 2003) , together with other factors such as lysozyme and ovotransferrin (Ahlborn et al., 2006; Gautron et al., 2007; WellmanLabadie et al., 2008) . The AvBDs in the egg components may play roles in the defense system of eggs.
Molting and Mucosal Barrier in Oviduct
Induced molting is effective to recover egg production and egg quality in aged laying hens. This recovery may be due to tissue rejuvenation in the anterior pituitary and oviduct via the replacement of old cells by new ones (Heryanto et al., 1997; Chowdhury and Yoshimura, 2002) . However, the hen oviduct may be more susceptible to pathogens during the molting phase than the laying phase; molted hens were found to be 100-to 1,000-fold more susceptible to infection by SE, excreted significantly higher levels of SE in the feces, and had higher numbers of SE in the internal organs (Holt, 2003) . Leukocytes, mucin, and epithelial cell tight junctions form the mucosal barrier against infectious microbes. The frequency of T cells in the mucosal surface layer of the oviduct, but not in the middle lamina propria tissue, was found to decline in regressed oviducts during molting . The expression of mucin and tight junction molecules, claudins, also declined in the oviduct at the molting phase (Ariyadi et al., 2012 (Ariyadi et al., , 2013a . In addition, the mucin gene was found to be expressed in the oviductal mucosa and was upregulated by LPS, suggesting that infection by Gram-negative bacteria enhances mucin synthesis (Ariyadi et al., 2013b) . The effect of LPS on mucin induction may be mediated by NFκB and AP-1; inhibitors of these transcription factors suppressed the induction of mucin by LPS . Although mucin expression in the oviductal mucosa declined in the regressed oviduct (Ariyadi et al., 2012) , even in the oviducts of molting hens, it was found that LPS affected mucin induction (Ariyadi et al., 2013b) . The reduction of circulating estrogen levels may be one of the factors responsible for the decline of mucin and claudin expression; injecting molting hens with estradiol upregulated their expression in the oviduct. Our study also revealed that AvBD expression decreased in the mucosal epithelium of regressed oviducts of molting hens compared with those in laying birds (Yoshimura et al., 2006) . Thus, the mucosal barrier formed by AvBDs together with T cells, mucin synthesis, and tight junctions of epithelial cells is weakened, leading to the tissue being more susceptible in the regressed oviduct during the molting phase.
CONCLUSION
This brief review describes how TLRs and AvBDs are expressed to form an innate immune system in hen ovaries and oviducts. It is advantageous for the innate immune system to attack a wide spectrum of pathogenic microbes. Pathogenic microbes against which vaccinations are not currently performed and/or that are resistant to antibiotics may be killed by antimicrobial peptides. Infection by unforeseen pathogenic microbes may also be prevented. The acquired immune system could be enhanced by vaccination to attack specific target antigens. However, strategies to enhance innate immune functions have not yet been established. The breeding of birds that have a higher ability to synthesize antimicrobial peptides in response to pathogens may be one such strategy. Hasenstein and Lamont (2007) described that gallinacin (AvBD) single-nucleotide polymorphisms as molecular markers may be useful for genetic selection to enhance innate immune responses. AvBD expression is induced by microorganisms as described above, and differences in the expression levels of AvBDs in response to pathogens may affect the susceptibility of birds (Hong et al., 2012) . Because the functions of the ovary and oviduct are regulated by the endocrine system, consideration of the role of gonadotropic and gonadal hormones may also be important for enhancement of innate immunity in these organs. Information from physiological studies on pathogen recognition and AvBD synthesis is essential for this further investigation. Further studies that provide information about how to enhance innate immunity in reproductive organs are necessary to produce healthy birds and hygienic eggs.
